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gdTcells arean innatesourceof interleukin-17 (IL-17),
preceding the development of the adaptive T helper
17 (Th17) cell response. Here we show that IL-17-
producing T cell receptor gd (TCRgd) T cells share
characteristic features with Th17 cells, such as
expression of chemokine receptor 6 (CCR6), retinoid
orphan receptor (RORgt), aryl hydrocarbon receptor
(AhR), and IL-23 receptor. AhR expression in gd
T cells was essential for the production of IL-22 but
not for optimal IL-17 production. In contrast to Th17
cells, CCR6+IL-17-producing gd T cells, but not other
gdT cells, express Toll-like receptors TLR1andTLR2,
as well as dectin-1, but not TLR4 and could directly
interact with certain pathogens. This process was
amplified by IL-23 and resulted in expansion, in-
creased IL-17 production, and recruitment of neutro-
phils. Thus, innate receptor expression linked with
IL-17 production characterizes TCRgd T cells as an
efficient first line of defense that can orchestrate an
inflammatory response to pathogen-derived as well
as environmental signals long before Th17 cells
have sensed bacterial invasion.
INTRODUCTION
The cytokine interleukin-17 (IL-17) plays an important role in
orchestrating innate immune function. IL-17 promotes granulo-
poiesis and neutrophil accumulation in peripheral tissues for
pathogen clearance (Forlow et al., 2001; Ye et al., 2001b) and
host defense against Klebsiella or Candida infections (Huang
et al., 2004; Ye et al., 2001a), and it can also protect mucosal
barrier functions by stimulating tight junction formation and
mucin secretion (Chen et al., 2003; Kinugasa et al., 2000). The
discovery of an additional CD4+ T helper cell subset, termed T
helper 17 (Th17), focused attention on these cells as a major
source of IL-17 in vivo. Th17 cells differentiate from naive
CD4+ T cells in the presence of IL-6 and transforming growth
factor-b (TGF-b) (Bettelli et al., 2006; Mangan et al., 2006; Veld-
hoen et al., 2006a) and have been extensively studied in connec-
tion with development of diverse autoimmune diseases (Hirota
et al., 2007a; Ivanov et al., 2006; Veldhoen et al., 2006b).Nevertheless, the adaptive Th17 cell response develops
slowly, and there are innate IL-17 producers that are more likely
to contribute the first line of defense against pathogens that
require IL-17-mediated responses. Among these, natural killer
T (NKT) cells (Michel et al., 2007) and gd T cells (Roark et al.,
2008) have been shown to be potent sources of IL-17 and, in
some cases, more dominant than Th17 CD4+ T cells. For
instance, in Mycobacterium tuberculosis (Mtb) infection, gd
T cells isolated from the lung are the main primary source of
IL-17 (Lockhart et al., 2006; Umemura et al., 2007). In addition,
T cell receptor gd (TCRgd) T cells are the main producers of
IL-17 after Escherichia coli (E. coli) infection, and antibody deple-
tion of gd T cells during the infection leads to decreased IL-17
production and neutrophil infiltration into the peritoneal cavity
(Shibata et al., 2007). Although the nature of the ligands that
are recognized by gd TCR remain largely unidentified, it is clear
that these cells respond to a wide range of microbial products
as well as stressed epithelial cells (reviewed in Girardi [2006]).
Innate immune responses are regulated by Toll-like receptors
(TLRs), which are mainly expressed on antigen-presenting cells
(APCs), such as macrophages or dendritic cells, recognize
bacterial and microbial products, and signal the production of
proinflammatory cytokines necessary for the elimination of path-
ogens. Another pathogen recognition receptor is dectin-1, a b-
glucan-binding transmembrane protein that is highly expressed
on macrophages (Brown et al., 2002). b-glucans such as curdlan
that trigger TLR2 and dectin-1 are implicated in responses to
Candida albicans (Brown et al., 2003; Gantner et al., 2003). A
variety of microbial components, notably lipoproteins from
various pathogens (Dunne and O’Neill, 2005), trigger TLR1 and
TLR2, and these are implicated in the response to Mtb (Akira
et al., 2006; Brightbill et al., 1999; Underhill et al., 1999).
Recent studies have shown that some human and as well
as mouse gd T cells express functional TLRs such as TLR2,
supporting a role in early responses to bacterial and microbial
infections (Deetz et al., 2006; Mokuno et al., 2000; Schwacha
and Daniel, 2008).
Although gd T cell-derived IL-17 is one of the earliest sources
of this cytokine after infection, there is little information regarding
the phenotypic and functional characteristics of IL-17-producing
gd T cells.
Here we show that IL-17-producing gd T cells represent
a subset of gd T cells with similar characteristics as Th17 cells,
such as expression of CCR6, IL-23R, and AhR and selective
expression of TLR2, TLR1, and dectin-1. Such gd T cells areImmunity 31, 321–330, August 21, 2009 ª2009 Elsevier Inc. 321
Immunity
Characteristics of IL-17-Producing gd T Cellsthe major population of T cells in the peritoneal cavity at early
time points after injection of heat-killed Mtb or C. albicans. Like
Th17 cells, TCRgd T cells expressed and produced IL-22 only
upon activation of AhR. IL-22 production was absent in TCRgd
T cells from AhR-deficient mice. Intriguingly, IL-17+ gd T cells
express TLR2 as well as dectin-1, and ligands that target these
pathogen recognition receptors caused their selective expan-
sion and functional consequences, such as neutrophil recruit-
ment. This is in line with observations that IL-17 responses are
predominant after an encounter with microbial lipopeptides
and fungal pathogens such as C. albicans (Huang et al., 2004;
Infante-Duarte et al., 2000). In contrast, TCRgd T cells producing
IFN-g lacked expression of TLR2, dectin-1, CCR6, and AhR.
Thus, IL-17-producing gd T cells represent a central innate
protective response to bacterial infection—especially those pro-
viding TLR1 and TLR2 ligands and b-glucans. Furthermore, their
Figure 1. Gene Expression Patterns in gd
and ab T Cells
(A) CCR6 and intracellular IL-17 determination in
gd T cells (left) versus CD4+ TCRab T cells (right)
isolated from draining lymph nodes 7 days after
immunization with heat-killed mycobacteria in
IFA. The data are representative of three indepen-
dent experiments.
(B) Expression of mRNA measured by qPCR in
FACS-sorted CD4+CCR6+ or CCR6 ab T cells
(top panels) and sorted CCR6+ or CCR6 gd
T cells (bottom panels). The figure shows mRNA
expression for the indicated genes normalized
forHprtmRNA expression. The data are represen-
tative of three independent experiments.
(C) CCR6 and Vg2 staining on gd T cells isolated
from peripheral lymph nodes of unimmunized
control mice. The data are representative of three
independent experiments.
(D) Overview of Vg-chain usage (Vg1, Vg2, Vg3,
and Vg5) found on total (top bar) or CD44+CCR6+
(bottom bar) gd T cells from peripheral lymph
nodes of unimmunized C57Bl/6. Mean values
± SEM are shown for three independent repeats
per condition.
function can be enhanced andmodulated
by the presence of AhR ligands. Addi-
tionalmodulation of their function by envi-
ronmental signals from endogenous or
exogenous sources through the AhR is
likely to have implications for the outcome
of bacterial infections.
RESULTS
IL-17-Producing TCRgd T Cells
Share Gene Expression Profile
and Phenotypic Markers
with Th17 Cells
In order to characterize IL-17+ TCRgd
T cells in comparison with Th17 cells,
we determined the phenotype and gene
expression profiles of these cells. Th17
cells showed preferential CC chemokine receptor (CCR) 6
expression (Acosta-Rodriguez et al., 2007; Annunziato et al.,
2007; Hirota et al., 2007b). Similarly, the majority of IL-17+ gd
T cells isolated from draining lymph nodes of C57BL/6 mice
immunized subcutaneously with incomplete Freund’s adjuvant
(IFA) supplemented with heat-killed Mtb expressed CCR6
(Figure 1A). We took advantage of this to FACS sort CCR6-
expressing conventional CD4+ T cells and gd T cells to examine
expression of genes that are known to be correlated with the
Th17 cell program. As shown in Figure 1B, expression of the
characteristic markers of the Th17 cell program (IL-17A, IL-22,
IL-23R, and the transcription factors RORgt and AhR) is similarly
restricted to the CCR6+ subset in conventional CD4+ T cells and
gd T cells, suggesting that IL-17+ gd T cells share gene expres-
sion profiles with conventional Th17 cells. Like Th17 T cells,
IL-17+ gd T cells exhibited an activated phenotype illustrated322 Immunity 31, 321–330, August 21, 2009 ª2009 Elsevier Inc.
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Characteristics of IL-17-Producing gd T Cellsby the upregulation of CD44, CD103, CD25, and LFA.1 as well as
reduced expression of CD45RB (data not shown). In agreement
with previous reports (Lochner et al., 2008), IL-6 deficiency did
not impair the generation and maintenance of IL-17-producing
gd T cells, whereas this was severely compromised in the
absence of IL-23 (Figure S1, available online).
To examine whether the IL-17-producing capacity was
restricted to a particular gd T cell subset, we analyzed their
repertoire. Although CCR6+CD44+ gd T cells, the majority of
which are IL-17 producers, were not restricted to a unique gd
T cell subpopulation, the majority of IL-17+ gd T cells expressed
the T cell receptor chain Vg2 (Figures 1C and 1D). Taken
together, these results indicate the existence of an IL-17-
producing subset of gd T cells with similar gene expression
profile as Th17 cells.
AhR Activation Promotes IL-22 Production
from TCRgd T Cells
In Th17 cells, expression of the aryl hydrocarbon receptor (AhR)
is restricted to the CCR6+ IL-17 gd T cell subset (Figure 1B),
which prompts the question of whether AhR fulfills a similar
role in these cells as reported for Th17 cells (Veldhoen et al.,
2008). AhR-deficient mice, in contrast to wild-typemice, develop
fewer Th17 cells, and Th17 cell differentiation is not enhanced
upon AhR ligation. Furthermore, expression of AhR is a prerequi-
site for production of IL-22 in Th17 cells. To investigate the role of
AhR for gd T cells, we injected C57BL/6wild-type aswell as AhR-
deficient mice intraperitoneally with heat-killed Mtb in the pres-
ence or absence of the AhR ligand FICZ and analyzed responses
analyzed during a 48 hr time span after immunization. Immuniza-
tion with the combination of FICZ and Mtb markedly increased
the proportion (Figure 2A, left) and the absolute numbers
(Figure 2B) of IL-17+ gd T cells. In addition, like in Th17 T cells,
AhR ligation by FICZ induced IL-22 production by IL-17+ TCRgd
T cells (Figures 2A and 2C).
B6 mice contained similar numbers of gd T cells in the perito-
neal cavity as AhR-deficient B6 mice after immunization, and
most of them were IL-17 producers (Figure 2A, right). However,
IL-17-producing gd T cells from AhR-deficient mice did not
produce IL-22 (Figure 2C). Furthermore, although AhR activation
by concomitant injection of FICZ increased the overall number of
gd T cells and their production of IL-17 and IL-22 in wild-type B6,
it had no influence on these parameters in AhR-deficient mice
(Figures 2B and 2C). This suggests that AhR is required for the
induction of IL-22 in gd T cells, similar to what is seen in Th17
cells, but, in contrast to Th17 cells, does not seem to be essential
for optimal IL-17 production.
SpecificPathogenic Products Selectively Recruit CCR6+
IL-17-Producing gd T Cells and Increased Numbers
of Neutrophils
Upon infection with pathogens, gd T cell-deficient mice have
specific immune defects, especially in neutrophil-dominated
responses like Klebsiella pneumonia and Nocardia asteroids
(King et al., 1999; Moore et al., 2000), which suggests an impor-
tant role for IL-17-producing gd T cells, because IL-17 is a major
contributor to neutrophil recruitment via induction of G-CSF and
other mediators from stromal cells (Fossiez et al., 1996). Unim-
munized mice already harbored some IL-17-expressing gdT cells, and immunization with Mtb led to a rapid increase, sug-
gesting that these cells are an early source of IL-17 that might
facilitate enhanced neutrophil recruitment. We therefore injected
B6 mice with heat-killed Mtb, E. coli, or two forms of C. albicans,
yeast or hyphae, and analyzed the number and cytokine profile
of gd T cells and neutrophils 18 hr later. Careful titration and
kinetic analysis had established the dose of bacteria and the
time point used as optimal for neutrophil recruitment. As shown
in Figure 3A, injection with Mtb and C. albicans resulted in
recruitment of a large proportion of IL-17-producing gd T cells,
whereas E. coli-injected mice recruited lower numbers of gd
T cells. Only few gd T cells produced IFN-g after either stimulus.
In concordance with observations on human Th17 cells, C. albi-
cans hyphae rather than the yeast form preferentially elicited
IL-17 production from gd T cells via enhancement of IL-23 pro-
duction by dendritic cells (DCs) (Acosta-Rodriguez et al., 2007).
We next investigated the effects of intraperitoneal injection
with highly purified pathogenic products, namely the TLR1 and
TLR2 ligand Pam3CysSerLys4 (Pam3CSK4), the TLR4 ligand
LPS, the TLR9 ligand CpG, and the TLR2 and dectin-1 ligand
curdlan. Both Pam3CSK4 and curdlan induced higher numbers
of IL-17-producing gd T cells compared with LPS and CpG
(Figure 3B). We observed very few neutrophils in the peritoneal
cavity of PBS-injected control mice (Figure 3C, right), but the
expansion of IL-17-producing gd T cells correlated with
increased numbers of neutrophils, which was most pronounced
after injection of Pam3CSK4 and curdlan, indicating that TLR1
and TLR2, as well as TLR2 and dectin-1, are major contributors
to the induction of an IL-17-biased immune response (Figure 3C,
right).
Because gd lymphocytes are often referred to as a link
between innate and adoptive immunity, we next investigated
whether any of the tested pathogenic products could act directly
on gd T cells in the absence of APCs. Indeed, a proportion of gd
T cells isolated from lymph nodes of nonimmunized mice
expressed TLR2 (Figure 4A, top left). In the peritoneal cavity,
this proportion was substantially higher (Figure 4A, bottom
left). In contrast, TLR4 expression was absent from gd T cells
in either location (Figure 4A, right panels). TLR2 expression coin-
cided with expression of dectin-1, but a substantial proportion of
gd T cells only expressed dectin-1. The proportion of both TLR2+
dectin-1+ and TLR2dectin-1+ increased after immunization
(Figure 4B). The expression of TLR2 and dectin-1 on gd T cells
was low but similar to that on dendritic cells, whereas macro-
phages expressed considerably higher amounts (Figure S2).
For the determination of whether TLR expression specifically
correlated with the CCR6+ IL-17-enriched gd T cell population,
these cells, as well as CD4+ TCRab T cells frommice immunized
with Mtb 7 days earlier, were FACS sorted on the basis of CCR6
and CD44 expression, after which qPCR followed. As shown in
Figure 4C, only the CCR6+ fraction of gd T cells, whichwas highly
enriched in IL-17 producers (see Figure 1), expressed both TLR2
and TLR1, but not TLR4. In contrast, CCR6 Th17 cells did not
express any of these TLRs.
The majority of TLR2-expressing gd T cells stained positive for
IL-17, whereas IFN-g-producing gd T cells did not express TLR2
(Figure 4D). Staining for dectin-1 in combination with intracellular
staining for IL-17 was not possible because of drastic downmo-
dulation of dectin-1 staining after activation in vitro, but theImmunity 31, 321–330, August 21, 2009 ª2009 Elsevier Inc. 323
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Characteristics of IL-17-Producing gd T CellsFigure 2. AhR Expression Induces IL-22 in gd T Cells
(A) FACS analysis for IL-17 versus IL-22 expression in TCRgd T cells from wild-type B6 (left) or AhR-deficient B6 (right) isolated from peritoneal cavity of mice
before or after injection with heat-killed mycobacteria (Mtb) in the absence (left columns) or presence (right columns) of 1 mg FICZ.
(B) Absolute numbers of TCRgd T cells from B6 (left) or AhR-deficient mice (right) at the indicated time points after injection of Mtb without (open symbols) or with
FICZ (closed symbols). Note that symbols for both treatments are overlapping in AhR-deficient cells. Mean values ± SEM for three to four mice per time point are
shown.
(C) IL-17 and IL-22 protein in supernatant from peritoneal TCRgd T cells from immunized B6 (left) and AhR-deficient mice (right) after a 5 hr stimulation with PdBU
and ionomycin in the absence of brefeldin. Unimmunized controls are shown in open bars; Mtb is in light gray and Mtb with FICZ is in black bars. Mean values ±
SEM for three to four mice per time point are shown.functional data with the dectin-1 ligand curdlan (see Figure 3)
suggest that this pattern-recognition receptor is also associated
with IL-17 production by TCRgd T cells. These data indicate that
IL-17-expressing gd T cells express cell-surface molecules that
would equip them for direct recognition of some pathogens.324 Immunity 31, 321–330, August 21, 2009 ª2009 Elsevier Inc.Stimulation with TLR2 Ligands Causes Expansion
and Increased Cytokine Production of IL-17+ gd T Cells
In order to ascertain whether TLR1-TLR2 and dectin-1 expres-
sion on gd T cells has direct functional consequences, we puri-
fied these cells by FACS sorting and stimulated them in vitro
Immunity
Characteristics of IL-17-Producing gd T Cellswith TLR ligands as well as curdlan. In addition, the same stimuli
were tested in the presence of IL-23 to mimic involvement of
APCs such as DCs. Addition of either Pam3CSK4 or curdlan
induced noticeable expansion of IL-17+ gd T cells (Figures 5A
and 5B) compared with LPS. Stimulation in the presence of
IL-23 had a more pronounced effect and resulted in expansion
of IL-17-producing gd T cells also in the PBS-injected control
group. This is in agreement with previous observations that
LPS-mediated stimulation of gd T cell responses is dependent
on the interaction with other cell types such as DCs (Shibata
et al., 2007), and it furthermore confirms that gd T cells lack
TLR4 and can therefore not be directly affected by LPS.
The combination of IL-23 with a TLR1 and TLR2 or TLR2 and
dectin-1 ligand resulted in the highest expansion of IL-17-
secreting gd T cells (Figure 5A). In order to test whether direct
recognition of Pam3CSK4 by gd T cells occurs in vivo, we
FACS purified gd T cells from B6 mice expressing the CD45.1
allele, injected them intravenously into TLR2-deficient hosts,
challenged intraperitoneally (i.p.) with Pam3CSK4, and analyzed
the recruitment of IL-17-producing gd T cells and neutrophils to
the peritoneal cavity of the adoptive hosts. Under these condi-
Figure 3. IL-17-Producing gd T Cells Prefer-
entially Expand in Response to TLR2 and
Dectin-1 Stimuli
(A) FACS analysis of IL-17 versus IFN-g expres-
sion in TCRgd T cells isolated from peritoneal
cavity 18 hr after injection of PBS, Mtb, E. coli or
C. albicans yeast or hyphae.
(B) FACS analysis as shown in (A) after injection of
PBS, Pam3CSK4, LPS, CpG, or Curdlan.
(C) Absolute numbers of IL-17-expressing (black
bars) or IFN-g-expressing (open bars) TCRgd
T cells 18 hr after injection of pathogen products
as indicated on the abscissa are shown in the left
panel. Absolute numbers of neutrophils (deter-
mined by gating on coexpression of 4/7 and
Ly6G) 18 hr after injection are shown in the right
panel. Mean values ± SEM for three to four mice
per group are shown.
tions, endogenous APCs would not be
expected to contribute to the recruitment
of IL-17-expressing gd T cells and neutro-
phils. As shown in Figure 5C (left panel),
donor-derived CD45.1 IL-17+ gd T cells
were efficiently recruited to the peritoneal
cavity of Pam3CSK4-injected mice and
caused the accumulation of neutrophils
(Figure 5C, right panel), whereas there
was no recruitment of donor-derived gd
T cells or of neutrophils in the absence
of the TLR2 ligand stimulus. In contrast,
donor-derived TCRgd T cells were under-
represented in wild-type B6 adoptive
hosts, presumably because of competi-
tion with endogenous wild-type TLR2+
gd T cells (see Figure 5C, lower panel,
for endogenous gd T cells). Analysis of
the endogenous host gd populations
showed expansion only in the wild-type control group, whereas
endogenous gd T cell numbers were comparable in TLR2-defi-
cient mice whether they were injected with Pam3CSK4 or were
left uninjected (Figure 5C, lower panel).
Taken together, these data suggest that direct pathogen
recognition by gd T cells occurs in vivo, leading to initial IL-17
production and neutrophil recruitment. This is then stabilized
and expanded by IL-23 secreted by APCs in response to path-
ogen recognition.
DISCUSSION
Although the cytokine IL-17 was first cloned and described more
than 10 years ago, it has received an almost disproportionate
amount of attention since the discovery of the IL-17-producing
T cell subset Th17 a few years ago. Despite the fact that many
more cell types that can produce IL-17 have been identified,
the focus is still concentrated largely on the adaptive Th17
cell response. However, it is clear that innate production of
IL-17 would precede the adaptive response and therefore be
of particular importance for the initial defense against invadingImmunity 31, 321–330, August 21, 2009 ª2009 Elsevier Inc. 325
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Characteristics of IL-17-Producing gd T CellsFigure 4. CCR6+ gd T Cells Express TLR1, TLR2, and Dectin-1
(A) FACS analysis for CD44 and TLR2 (left panels), CD44 and TLR4 (middle panel), and CD44 and dectin-1 (right panel) expression on gated TCRgd T cells from
peripheral lymph nodes of unimmunized mice (top panels) or peritoneal cavity of unimmunized mice (bottom panels).
(B) FACS analysis of TLR2 and dectin-1 expression (left) or isotype control (right) on gd T cells fromC57Bl/6 mice that were either nonimmune (top panel) or immu-
nized with Mtb subcutaneously 24 hr before. The data are representative of two independent experiments.
(C) Expression of mRNA for Tlr1, Tlr2, and Tlr4measured by qPCR in FACS-sorted gd T cell subpopulations as well as CD4+CD44+CCR6+ ab T cells. The figure
shows mRNA expression for the indicated genes normalized for Hprt mRNA expression. Data shown are representative of three independent experiments.
(D) FACS analysis of intracellular IL-17 and TLR2 expression (left panel) or isotype control (right panel) on total lymph node gd T cells. All FACS data were obtained
from peripheral lymph nodes of unimmunized mice. The plots are representative of three independent experiments.pathogens. gd T cells are an important innate source of IL-17 and
are present in nonimmunized mice as an immediate source of
this cytokine. It is likely that gd T cells differentiate early during
development of the immune system in response to environ-
mental or inflammatory stimuli. In our hands, IL-17-producing
gd T cells expressed very high levels of the activation marker
CD44, even before immunization. In fact, combining CCR6 and
CD44 for FACS sorting of gd T cells yielded an almost 100%
pure population of IL-17-producing cells. Analysis of IL-17
production in thymic gd T cells showed no signal, indicating326 Immunity 31, 321–330, August 21, 2009 ª2009 Elsevier Inc.that gd T cells like Th17 cells acquire the capacity to produce
IL-17 in the periphery (data not shown).
Asweshowhere, thephenotypicprofile ofgdT cells is similar to
that of Th17 cells, although it would be more accurate to say that
Th17 cells, which develop later both in ontogeny of the immune
system and during initiation of an immune response, retain the
genetic profile of IL-17+ gd T cells. The transcription factor RORgt
seems to be essential for gd T cells, because RORgt-deficient
mice lack gd T cells at least in the intestinal lamina propria (Ivanov
et al., 2006). Whereas IL-6 is very important for Th17 cell
Immunity
Characteristics of IL-17-Producing gd T CellsFigure 5. TCRgd T Cells Directly Respond to TLR1/TLR2 and TLR2/Dectin-1 Stimulation in Synergy with IL-23
(A) FACS analysis of IL-17 versus IFN-g expression in FACS-sorted TCRgd T cells cultured for 48 hr in the presence of PBS, LPS, Pam3CSK4, or curdlan, in the
absence (top panels) or presence (lower panels) of IL-23. The data are representative of three independent experiments.
(B) Absolute numbers of IL-17-expressing TCRgd T cells 48 hr after culture with pathogenic products and/or IL-23 as indicated on the abscissa (*p value < 0.05;
mean values ± SEM are shown for three independent repeats per condition). Three to four mice per group were analyzed.
(C) Absolute numbers of IL-17+ gd T cells (left panel) or neutrophils (right panel) after adoptive transfer of wild-type B6 gd T cells into wild-type (left bar in left panel)
or Tlr2/ hosts that received injection of Pam3CSK4 or not, as indicated on the abscissa. The lower panel shows absolute numbers of endogenous-host-derived
gd T cells in wild-type or Tlr2/ adoptive hosts. Three to four mice per group were analyzed. Mean values ± SEM for three mice per group, representative of two
repeats, are shown.Immunity 31, 321–330, August 21, 2009 ª2009 Elsevier Inc. 327differentiation (Veldhoen et al., 2006a), this cytokine is dispens-
able for both the development and the activation and recruitment
of IL-17+gdTcells, in agreementwith theobservation that steady-
state levels of IL-17-producing RORgt+ gd T cells are unaffected
by the absence of IL-6 (Lochner et al., 2008). Indeed, gd T cells
do not express the IL-6Ra chain, whereas naive CD4+ T cells
express IL-6 receptor consisting of IL-6Ra and gp130. It is
conceivable that IL-21, which was reported to play a role in
Th17 cell development (Bettelli et al., 2007), although disputed
(Coquet et al., 2008; Sonderegger et al., 2008), may have a
more prominent role in development of gd T cells, and IL-21-defi-
cient mice have lower numbers of IL-17-producing gd T cells in
lamina propria and spleen (Nurieva et al., 2007).
The absence of IL-23 signals greatly affects the numbers of
Th17 cells and results in the failure to recruit or activate these
cells (McGeachy et al., 2009; McGeachy and Cua, 2008), and,
similarly, IL-17-producing gd T cells were compromised in the
absence of IL-23. IL-23 is widely reported to enhance IL-17
production in CD4+ T cells as well as gd T cells (McGeachyand Cua, 2008; Shibata et al., 2007). Although it was shown
that IL-22 production is promoted by IL-23 (Liang et al., 2006;
Zheng et al., 2007), our recent data suggest that IL-23 acts
downstream of AhR (Veldhoen et al., 2009, 2008). Thus, Th17
and gd T cells lacking this transcription factor do not produce
IL-22 despite the presence of IL-23, e.g., after immunization
with Mtb. However, it is not clear at present whether other cell
types that can produce IL-22, such as some NK cells (Cella
et al., 2009) or lymphoid tissue-inducer cells (Takatori et al.,
2009), also depend on AhR regulation for this cytokine.
The functional activity of IL-17+gd T cells in bacterial infection
appears closely linked to the recruitment of neutrophils, and gd
T cell-deficient mice show particular defects in neutrophil-
dependent inflammatory responses (King et al., 1999; Moore
et al., 2000; Toth et al., 2004). We found markedly increased
numbers of both gd T cells and neutrophils after injection with
Mtb or C. albicans compared with E. coli.
The nature of the ligands recognized by the gd TCR is still
a matter of debate. However, most notably, in contrast to Th17
Immunity
Characteristics of IL-17-Producing gd T Cellscells, the IL-17-expressing subset of gd T cells expresses TLR2,
TLR1, and dectin-1, but not TLR4, which could provide alterna-
tive recognition of pathogen-derived molecules. In contrast, we
did not detect any TLR expression on CCR6+ ab TCR T cells
that are highly enriched in Th17 cells. The expression and func-
tional relevance of TLR on T cell subsets has been inferred from
functional studies in vitro that used mouse as well as human
activated T cells and suggested a costimulatory role in the
production of cytokines or help for B cell responses (Deetz
et al., 2006; Komai-Koma et al., 2004; Mokuno et al., 2000; Vasi-
levsky et al., 2008). Surface expression of TLR2 on gd T cells has
been reported after burn injury (Schwacha and Daniel, 2008).
Interestingly, neutrophil recruitment is an important contributor
to secondary tissue damage in these injuries (Toth et al., 2004),
and IL-17 is one of the cytokines that is upregulated (Finnerty
et al., 2009). Other studies reported the presence of TLR2
mRNA and the absence of TLR4 mRNA in gd T cells isolated
from the peritoneal cavity, but not the surface expression
(Mokuno et al., 2000), and documented functional activity
(IFN-g secretion) on human gd T cell lines (Deetz et al., 2006).
In line with the preferential usage of TLR2 or dectin-1 in the
recognition ofMtb andC. albicans, injections of these pathogens
or the TLR2 and TLR1 ligand Pam3CSK4 and the TLR2 and
dectin-1 ligand curdlan promoted far greater accumulation of
IL-17-producing gd T cells and neutrophils than the TLR4 ligand
LPS or the TLR9 ligand CpG. This suggests an important func-
tional role for expression of the pattern-recognition receptors
on gd T cells. This does not preclude a role of TCR, and our
studies do not allow the conclusion that TLR triggers act in isola-
tion. For the in vitro experiments showing functional effects of
TLR ligands, we FACS sorted gd T cells by using antibodies
directed against the T cell receptor that most likely causes acti-
vation, and the injection of pure TLR ligands in vivo cannot
exclude simultaneous TCR triggers by potential endogenous
ligands.
Nevertheless, stimulation of pure gd T cells with TLR ligands as
well as curdlan in vitro and adoptive transfer of gd T cells from
wild-type B6 into TLR2-deficient hosts injected with Pam3CSK4
established a direct effect of these pathogen-derived molecules
on expansion of IL-17-producing gd T cells, indicating that
indeed expression of these receptors on the surface of gd
T cells is functional even in the absence of any contribution by
APCs. Nevertheless, the presence of IL-23 strongly enhances
the effect of TLR2 and dectin-1 ligands on gd T cells, and our
data suggest a combined effect of a direct gd T cell response
to TLR2 and TLR1 and/or dectin-1 ligands cooperating with
that of APCs. We suggest that TRL triggering on gd T cells
provides the first source of IL-17, which is instrumental in attract-
ing inflammatory cell types such as neutrophils and monocytes
to the site of infection, whereas APCs contribute IL-23 to main-
tain IL-17 production and furthermore promote the differentiation
of the adaptive Th17 cell response.
Dectin-1-mediated signals via Syk and CARD9 were shown to
induce dendritic cells independently of Toll-like receptor signals
to drive development of Th17 cell responses involving increased
production of IL-23 (LeibundGut-Landmann et al., 2007). TLR2
and dectin-1 ligands were also reported to preferentially stimu-
late IL-23 at the expense of IL-12 from human DCs (Gerosa
et al., 2008; Re and Strominger, 2001). Notably, expression of328 Immunity 31, 321–330, August 21, 2009 ª2009 Elsevier Inc.IL-23 receptor is restricted to CCR6+ IL-17-producing gd
T cells, making these cells highly sensitive to the concerted
action of IL-23 and TLR- or dectin-1-mediated stimuli.
Taken together, we propose that IL-17-producing TCRgd
T cells are a specialized subset that not only can directly interact
with pathogens via TLR2 and TLR1 and TLR2 and dectin-1, but
that can also respond to AhR-mediated environmental signals
that shape their functional capacity. This puts them in the posi-
tion of a first-line defense team that can orchestrate an inflam-
matory response leading to recruitment of neutrophils long
before Th17 cells have sensed any bacterial invasion.
EXPERIMENTAL PROCEDURES
Mice
C57Bl/6, B6 BRA AhR/ (AhR-deficient B6), Tlr2/ B6, Il-6/ B6, and
Il-23p19/ B6 mice were bred and maintained under specific pathogen-free
conditions, and all animal experiments were done according to institutional
guidelines approved by the local ethical panel and by a project license from
the UK Home Office.
Immunizations
For subcutaneous immunization, mice were injected at the base of tail with
a total of 100 ml emulsion of incomplete Freund’s adjuvant (IFA, Sigma) con-
taining 250 mg heat-killed Mycobacterium tuberculosis strain H37Ra (DIFCO
Laboratories). For i.p. immunization, micewere injectedwith 250 mg heat-killed
Mycobacterium tuberculosis strain H37Ra in the presence or absence of 1 mg
6-Formylindolo[3,2-b]carbazol indolo[3,2-b]carbazole-6-carbaxaldehyde 5,
11-dihydro (FICZ) (BIOMOL international); with 250 mg heat-killed E. Coli strain
3087/08T; with 50 mg Pam3CSK4 (InvivoGen); 20 mg LPS from Salmonella
Minnesota R595 (ultra pure, TLR4 grade, Alexis Biochemicals); with 50 mg
CpG (high purity1668, a kind gift from A. O’Garra); with 50 mg curdlan (Wako
Pure Chemical Industries, Ltd.); or with 1 3 105 live Candida albicans (strain
SC5413) in either yeast or hyphae form.
Flow Cytometry and Cell Sorting
For cell-surface stainings, gdTCR (clone GL3), abTCR clone (H57-597), CD4+
(clone GK1.5), TLR2 (clone 6C2), and TLR4 (clone MTS510) antibodies were
obtained from eBioSciences. CCR6 (clone 140706) and Ly6G (clone 1A8) anti-
bodies were obtained from BD PharMingen. 4/7 (clone MCA77) and dectin-1
(2A11) antibodies were obtained from AbD Serotec. IL-17A (clone TC11) and
IFN-g (clone XMG1.2) antibodies were obtained from eBioSciences. The
IL-22 antibody (MH22B2) was obtained from Il-22/ Balb/c mice immunized
with recombinant human IL-22 crosslinked to ovalbumin in the presence of
glutaraldehyde and cross-reacts with human and murine IL-22 (Veldhoen
et al., 2008). Absolute numbers of neutrophils were determined by gating on
cells expressing Ly6G and 4/7. For measurements of intracellular cytokines,
T cells were restimulated with 500 ng/ml Phorbol dibutyrate (PdBU) and 500
ng/ml ionomycin in the presence of 1mg/ml brefeldin A (Sigma) for 2 hr. Cells
were then fixed with 3.65% formaldehyde solution from Sigma and permeabi-
lized with 0.1% NP40 before analysis. TCR Vg staining was done with Vg2
(clone UC3-10A6) and Vg3 (clone 536) from BD PharMingen. Vg1 (clone
GL3, 2.11) and Vg5 (clone F2.67) were obtained from A. Kirby. The nomencla-
ture of TCR Vg determinants used is that of Garman et al. (Garman et al., 1986).
In Vitro Culture Assays
gd T cells were positively selected by AutoMacs (Miltenyibiotec) and then
FACS sorted with allophycocyanin-conjugated anti-gdTCR (clone GL3) from
eBioSciences and anti-APC MicroBeads (Miltenyibiotec).
The culture medium used was Iscove’s modified Dulbecco medium (IMDM)
(Sigma) supplemented with 5% heat-inactivated FCS, 2 3 10-3 M L-gluta-
mine, 100 U/ml penicillin, 100 mg/ml streptomycin, and 53 10-3Mmercaptoe-
thanol (all Sigma).
gd T cells were cultured in the presence of 1 mg/ml Pam3CSK4, 100 ng/ml
LPS, or 1 mg/ml curdlan. IL-23 was added at a concentration of 50 ng/ml. On
day 2 after stimulation, supernatants were harvested for IL-17 measurement,
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500 ng/ml ionomycin in the presence of brefeldin A for intracellular IL-17 and
IFN-g staining.
Protein Measurements
For cytokine measurements, cells (13 106 cells per ml) were restimulated with
500 ng/ml PdBU and 500 ng/ml ionomycin in the absence of brefeldin A for
5 hr. Alternatively, cells were cultured for 48 hr, whereafter supernatant was
harvested. IL-17 and IL-22 in the supernatants were measured with a Flow-
Cytomix kit from Bender MedSystems according to the manufacturer’s
instructions.
qPCR
gdT cells or CD4+ T cells were first positively selected by AutoMacs (Miltenyibio-
tec) with allophycocyanin-conjugated anti-g/dTCR (clone GL3) from eBioScien-
ces and anti-APC MicroBeads (Miltenyibiotec) or with anti-CD4 microbeads
(Miltenyibiotec), respectively. Cells were then FACS sorted on the basis of
CD44 (orCD4) andCCR6expressionwith anti-CD44 (clone IM7) fromeBioScien-
ces and anti-CCR6 (clone 140706) from BD PharMingen.
RNA was extracted with Trizol and 1-bromo-3-chloro-propane (Sigma) and
reverse transcribed with oligo d(T)16 (Invitrogen Superscript III) according to
the manufacturer’s protocol. The cDNA served as a template for the amplifica-
tion of genes of interest and the housekeeping gene (Hprt) by real-time PCR,
using the TaqMan Gene Expression Assays and Applied Biosystems
7900HT Fast Real-Time PCR System.
Statistics
Data are expressed as means ± standard error of the mean (SEM), and the
significance of differences between two means was assessed with a two-
tailed Student’s t test. Differences were considered statistically significant if
p < 0.05.
SUPPLEMENTAL DATA
Supplemental Data include two figures and can be foundwith this article online
at http://www.cell.com/immunity/supplemental/S1074-7613(09)00320-3.
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